Withaferin A (WA) is derived from the medicinal plant Withania somnifera that has been safely used for centuries in the Indian Ayurvedic medicine for treatment of various ailments. We now demonstrate that WA treatment causes G2 and mitotic arrest in human breast cancer cells. Treatment of MDA-MB-231 (estrogen-independent) and MCF-7 (estrogen-responsive) cell lines with WA resulted in a concentration-and time-dependent increase in G2-M fraction, which correlated with a decrease in levels of cyclin-dependent kinase 1 (Cdk1), cell division cycle 25B (Cdc25B) and/or Cdc25C proteins leading to accumulation of Tyr15 phosphorylated (inactive) Cdk1. Ectopic expression of Cdc25C conferred partial yet significant protection against WA-mediated G2-M phase cell cycle arrest in MDA-MB-231 cells. The WA-treated MDA-MB-231 and MCF-7 cells were also arrested in mitosis as judged by fluorescence microscopy and analysis of Ser10 phosphorylated histone H3. Mitotic arrest resulting from exposure to WA was accompanied by an increase in the protein level of anaphase promoting complex/cyclosome substrate securin. In conclusion, the results of the present study suggest that G2-M phase cell cycle arrest may be an important mechanism in anti-proliferative effect of WA against human breast cancer cells.
Introduction
Breast cancer is a major health concern for women Worldwide. The American Cancer Society estimates diagnosis of nearly 182,460 new cases of invasive breast cancer in the United States alone in the year 2008. The known risk factors for breast cancer include family history, LiFraumeni syndrome, atypical hyperplasia of the breast, late-age at first full-term pregnancy, early menarche, and late menopause (1) (2) (3) . Because some of these risk factors are not easily modifiable (e.g., genetic predisposition), other strategies for reduction of breast cancer risk must be considered. Even though selective estrogen-receptor (ER) modulators (e.g., tamoxifen) appear promising for prevention of breast cancer, this strategy is largely ineffective against ER negative breast cancers (4, 5) . Moreover, selective ER modulators have other side effects including increased risk of uterine cancer, thromboembolism, cataracts and perimenopausal symptoms (4, 5) . Therefore, identification and clinical development of agents that are relatively safe but can suppress growth of both ER positive and ER negative human breast cancers is highly desirable. Natural products have received increasing attention in recent years for identification of novel anticancer agents (6) .
Withaferin A (WA) is derived from the medicinal plant Withania somnifera L. (commonly known as Ashwagandha or Indian winter cherry), which has been safely used for centuries in the traditional Indian (Ayurvedic) medicine practice for the treatment of various ailments. The known pharmacological effects of Withania somnifera include modulation of immune function (7) , cardioprotection from ischemia reperfusion injury (8) , protection against 6-hydroxydopamine-induced Parkinsonism in rats (9) , anti-bacterial and anti-inflammatory effects (10, 11) . Ashwagandha is also recommended as a tonic for overall well being (12) . The WA has attracted a great deal of research interest as a potential anticancer agent. For example, WA is a radiosensitizer and inhibitor of growth of mouse Ehrlich ascites carcinoma and transplantable sarcoma in vivo (13) (14) (15) (16) . The WA is a potent inhibitor of nuclear factor-κB activation (17, 18) . Crude ethanol extract of Withania somnifera Dunal suppressed the lipopolysaccharide-induced production of inflammatory cytokines in peripheral blood mononuclear cells (19) . Suppression of angiogenesis, alteration of cytoskeletal architecture, and inhibition of proteasomal activity by WA has also been documented (20) (21) (22) . More recent studies have demonstrated that WA suppresses growth of human cancer cells in culture and in vivo by causing apoptosis (23) (24) (25) . For instance, WA treatment triggered a Par-4 dependent apoptosis in PC-3 human prostate cancer cells and inhibited growth of PC-3 xenografts in vivo (23) . Another study documented generation of reactive oxygen species and mitochondrial dysfunction in apoptotic response to WA in HL-60 cells (24) .
We have shown recently that WA treatment triggers FOXO-3a and Bim-mediated apoptosis in MDA-MB-231 and MCF-7 human breast cancer cells and WA administration suppresses growth of MDA-MB-231 xenografts in vivo in female athymic mice in association with apoptosis induction (25) . The present study demonstrates that WA treatment causes irreversible G2-M phase cell cycle arrest in MDA-MB-231 and MCF-7 cell lines.
Materials and Methods

Reagents
The WA was purchased from ChromaDex. The Propidium iodide, RNaseA, 4′,6-diamidino-2-phenylindole (DAPI), phosphatase inhibitors, and the antibodies against α-tubulin and Tyr15 phosphorylated Cdk1 were purchased from Sigma. The protease inhibitor mixture was from BD Pharmingen. The antibiotic mixture, non-essential amino acids, sodium pyruvate, trypan blue, and fetal bovine serum (FBS) were purchased from Invitrogen. The 6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (H 2 DCFDA) was from Molecular Probes. The combined superoxide dismutase and catalase mimetic EUK134 was from Eukarion. The antibodies against Cdk1 and Cdc25C were from Santa Cruz Biotechnology, the antibodies against cyclinB1 and actin were from Oncogene Research Products, and the antibody against Cdc25B was from BD Pharmingen. The antibody specific for detection of Ser10 phosphorylated histone H3 was from Upstate Biotechnology and the anti-securin antibody was from Medical and Biological Laboratories.
Cell culture and analysis of cell cycle distribution
The human breast cancer cell lines MDA-MB-231 and MCF-7 and spontaneously immortalized normal mammary epithelial cell line MCF-10A were obtained from American Type Culture Collection and maintained as described by us previously (26) . Stock solution of WA was prepared in DMSO and an equal volume of DMSO was added to the controls. The effect of WA treatment on cell cycle distribution was determined by flow cytometry after staining the cells with propidium iodide as described by us previously (26) . Briefly, 1×10 6 cells were seeded, allowed to attach by overnight incubation, and exposed to DMSO (control) or desired concentrations of WA for specified time periods. Both floating and adherent cells were collected, washed with phosphate buffered saline (PBS), and fixed in 70% ethanol overnight at 4°C. The cells were then treated with 80 μg/mL RNaseA and 50 μg/mL propidium iodide for 30 min and analyzed using a Coulter Epics XL Flow cytometer. Percentage of cells in different phases of the cell cycle was computed for DMSO-treated control and WA-treated cultures. To determine if the WA-mediated cell cycle arrest was reversible, the cells were first treated with either DMSO (control) or 2 μM WA for 24 h and then washed with PBS and maintained in drug-free complete medium for an additional 24 h prior to the analysis of cell cycle distribution.
Immunoblotting
Desired cell line (1×10 6 ) was seeded in 100-mm culture dishes, allowed to attach by overnight incubation, and treated with 2 μM WA for specified time intervals. Both floating and attached cells were collected and lysed as described by us previously (27) . The cell lysate was cleared by centrifugation at 14,000 rpm for 30 min. The lysate proteins were resolved by 10 or 12.5% sodium-dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto membrane. The membrane was incubated with Tris-buffered saline containing 0.05% Tween-20, and 5% (w/v) nonfat dry milk. The membrane was then treated with the desired primary antibody for 1 h at room temperature or overnight at 4°C. Following treatment with an appropriate secondary antibody, the immunoreactive bands were visualized using enhanced chemiluminescence method. The blots were stripped and re-probed with anti-actin antibody to normalize for differences in protein loading.
Determination of reactive oxygen species (ROS)
Intracellular ROS generation was determined by flow cytometry following staining with H 2 DCFDA as described by us previously (28) . Briefly, cells were seeded, allowed to attach by overnight incubation, and exposed to DMSO (control) or specified concentrations of WA for the indicated time intervals. The cells were then stained with 5 μM H 2 DCFDA for 30 min at 37°C. The cells were collected and the fluorescence was measured using a Coulter Epics XL flow cytometer.
Ectopic expression of Cdc25C by transient transfection
The MDA-MB-231 cells were transiently transfected with empty pcDNA3.1 vector or pcDNA3.1 vector encoding wild type Cdc25C (29) . Briefly, the cells were seeded in 6-well plates and transfected with plasmid DNA using Fugene6 transfection reagent. After 24 h of transfection, the cells were treated with DMSO (control) or 2 μM WA for 8 h. Both floating and adherent cells were collected and processed for analysis of cell cycle distribution or immunoblotting as described above.
Immunofluorescence microscopy
The MDA-MB-231 or MCF-7 cells (5×10 4 ) were plated on coverslips and allowed to attach by overnight incubation. The cells were then exposed to DMSO (control) or 2 μM WA for specified time intervals at 37°C, washed with PBS, and fixed with 3% paraformaldehyde at 4°C
overnight. The cells were permeabilized with 0.5% Triton X-100 for 15 min at room temperature, washed with PBS, and incubated with PBS containing 0.5% (w/v) bovine serum albumin (BSA), and 0.15% (w/v) glycine (BSA buffer) for 1 h at room temperature. Subsequently, the cells were treated with anti-α-tubulin antibody (1:4,000 dilution in BSA buffer) for 1 h at room temperature. The cells were washed with BSA buffer and incubated with 1 μg/mL Alexa Fluor 568-conjugated antibody for 1 h at room temperature followed by counterstaining with 500 ng/mL DAPI for 5 min. Slides were mounted and examined under a Leica fluorescence microscope at 100× magnification. At least 100 cells were analyzed for mitotic figures with condensed chromatin.
Flow cytometric analysis of Ser10 phosphorylated histone H3
The effect of WA treatment on level of Ser10 phosphorylated histone H3 was determined by flow cytometry as previously described (30) . Briefly, the cells were treated with DMSO (control) or WA, fixed with 70% ethanol at 4°C overnight, and incubated on ice for 15 min with PBS containing 0.5% Triton X-100. The cells were collected, suspended in 100 μL of PBS containing 1% BSA and 0.75 μg polyclonal anti-phospho-(Ser10)-histone H3 antibody, and incubated at 4°C overnight. The cells were then rinsed with PBS containing 1% BSA and incubated in dark with FITC-conjugated goat anti-rabbit antibody (1:50 dilution in PBS containing 1% BSA) for 30 min at room temperature. The fluorescence was examined using a Coulter Epics XL flow cytometer.
Statistical analysis
One-way ANOVA followed by Dunnett's or Bonferroni's multiple comparison test was used to determine statistical significance of difference in measured parameters between groups. Difference was considered significant at P<0.05.
Results
WA treatment caused G2-M phase cell cycle arrest in human breast cancer cells
We have shown previously that WA treatment suppresses viability of MDA-MB-231 and MCF-7 human breast cancer cells (25) . In the present study, we used the same cell lines to test whether growth suppressive effect of WA against breast cancer cells was due to perturbations in the cell cycle progression. The MDA-MB-231 cell line, which was originally derived from a stage IV invasive ductal carcinoma, is estrogen receptor negative and expresses mutant p53. The MCF-7 cell line, which is estrogen receptor positive, was isolated from pleural effusion of a stage IV invasive ductal carcinoma. The MCF-7 cells are aneuploid with high chromosomal instability and express normal p53. Fig. 1A depicts flow histograms for cell cycle distribution in DMSO-treated control and WA-treated MDA-MB-231 cells. As can be seen in Fig. 1B , the WA treatment (24 h exposure) resulted in statistically significant enrichment of G2-M phase cells at 2 and 3 μM concentrations compared with DMSO-treated control. The WA-mediated G2-M phase cell cycle arrest was accompanied by a decrease in G0-G1 and/or S phase cells (Fig. 1B) . Similar to the MDA-MB-231 cell line, the WA treatment caused G2-M phase cell cycle arrest in MCF-7 cells that was accompanied by a decrease in G0-G1 and S fractions (Fig.  1C) . However, the WA-mediated G2-M phase cell cycle arrest in MCF-7 cells was evident even at 1 μM concentration (Fig. 1D) . In time course experiments using 2 μM WA, the G2-M phase cell cycle arrest in both MDA-MB-231 ( Fig. 2A) and MCF-7 ( Fig. 2B ) cell lines was evident as early as 8 h after treatment and persisted for the duration of the experiment (30 h post-treatment). Collectively, these results indicated that WA treatment caused sustained G2-M phase cell cycle arrest in human breast cancer cells regardless of their estrogen responsiveness or p53 status.
WA-mediated G2-M phase cell cycle arrest in human breast cancer cells was irreversible
The cell cycle checkpoints are normally activated in response to external stimuli (e.g., DNA damage) to allow the cells time to repair damage prior to resumption of the cell cycle progression. We raised the question of whether WA-mediated G2-M phase cell cycle arrest in breast cancer cells was reversible. To test this possibility, we treated the MDA-MB-231 and MCF-7 cells with either DMSO (control) or 2 μM WA for 24 h. The cells were then either processed for analysis of cell cycle distribution or washed with PBS and incubated in drugfree medium for an additional 24 h prior to flow cytometry for cell cycle analysis. A twentyfour hour exposure of MDA-MB-231 (Fig. 2C, left panels) and MCF-7 cells (results not shown) to 2 μM WA resulted in statistically significant enrichment of G2-M fraction relative to DMSO-treated control. The G2-M phase cell cycle arrest in WA-treated MDA-MB-231 (Fig. 2C , right panels) and MCF-7 cells (results not shown) was maintained even after culture of these cells in drug free medium for an additional 24 h. However, the sub-diploid apoptotic fraction was relatively higher in WA-treated cells that were cultured in drug-free medium for an additional 24 h compared with cells treated with WA for 24 h. Collectively, these results indicated that the WA-mediated G2-M phase cell cycle arrest was irreversible in both cell lines and a fraction of G2-M arrested cells were driven to apoptotic cell death.
Next, we raised the question of whether WA-mediated cell cycle arrest was selective towards breast cancer cells, which is a highly desirable feature of potential anticancer agents. We addressed this question by determining the effect of WA treatment on cell cycle distribution of MCF-10A cells. The MCF-10A cell line is non-tumorigenic in athymic mice and has been used extensively as a representative normal mammary epithelial cell line. The MCF-10A cell line was originally isolated from fibrocystic breast disease and was spontaneously immortalized. The MCF-10A cells have intact cell cycle checkpoints and normal proliferation controls. The MCF-10A cell line was resistant to G2-M phase cell cycle arrest by WA treatment compared with MDA-MB-231 or MCF-7 cells (results not shown).
WA treatment altered levels of proteins involved in regulation of G2-M transition
To gain insight into the mechanism of G2-M phase cell cycle arrest in our model, we determined the effect of WA treatment on levels of proteins involved in regulation of G2-M transition including cyclinB1, Cdk1, Cdc25B and Cdc25C (31, 32) . The WA treatment caused an increase in the level of cyclinB1 protein in both cell lines (Fig. 3) . The level of Cdk1 protein was decreased markedly upon treatment with WA in both MDA-MB-231 (up to 60% decrease compared with control) and MCF-7 cell lines (up to 80% decrease compared with control), which was clearly evident at 16 and 24 h time points. The WA treatment exhibited a differential response on Cdc25B protein level in MDA-MB-231 (induction of Cdc25B protein level) versus MCF-7 cells (moderate induction of Cdc25B protein level at 2-4 h time points followed by a decline in its level at 8-24 time points). Furthermore, the WA treatment caused a sustained decrease in protein level of Cdc25C for up to 30 h in MDA-MB-231 cells (Fig. 3) . Interestingly, the WA-mediated decline in Cdc25C protein level was transient (2-8 h time points) in MCF-7 cells (Fig. 3) . The net result of these effects was accumulation of Tyr15 phosphorylated (inactive) Cdk1, which persisted for up to 12-16 h (Fig. 3) . These results indicated that the WA treatment caused inactivation of Cdk1/cyclinB1 kinase complex.
Ectopic expression of Cdc25C conferred protection against WA-mediated G2-M phase cell cycle arrest
Next, we designed experiments using MDA-MB-231 cell line to explore a possibility that the WA-mediated G2-M phase cell cycle arrest was due to suppression of Cdc25C protein level. Previous studies have indicated that Cdc25C protein contains two cysteine residues that are susceptible to redox modification (29) . The redox modification of Cdc25C cysteine controls proteasomal degradation and hence stability of this protein (29) . Initially, we designed experiments to test whether WA treatment caused oxidative stress in breast cancer cells, an effect previously documented in WA-treated HL-60 cells (24) . Intracellular ROS generation in control and WA-treated cells was determined by flow cytometry following staining with H 2 DCFDA, which is oxidized in the presence of peroxides (e.g., hydrogen peroxide) to yield fluorescent 2′,7′-dichlorofluorescein (DCF). As can be seen in Fig. 4A , the WA treatment caused oxidation of H 2 DCFDA in MDA-MB-231 cells, which was evident as early as 1 h after treatment. Similar results were observed in MCF-7 cells (results not shown). To test contribution of ROS generation in cell cycle arrest caused by WA, we used a combined mimetic of superoxide dismutase and catalase (EUK134). As shown in Fig. 4B , the WA-mediated ROS generation was significantly attenuated in the presence of EUK134. On the other hand, EUK134 treatment did not have any appreciable effect on WA-induced G2-M phase cell cycle arrest (Fig. 4C) . As shown in Fig. 4D , similar to un-transfected cells (Fig. 1A) , the WA treatment caused enrichment of G2-M fraction in MDA-MB-231 cells transiently transfected with the empty-vector. Ectopic expression of Cdc25C protein in MDA-MB-231 cells [about 2-fold overexpression (Fig. 4D , inset, lane 2) compared with empty-vector-transfected cells (Fig. 4D, inset, lane 1) ] conferred partial yet statistically significant protection against WAmediated G2-M arrest (Fig. 4D) . These results indicated that WA-mediated G2-M phase cell cycle arrest in our model was, at least in part, caused by a decline in the level of Cdc25C protein.
WA treatment caused mitotic arrest in human breast cancer cells
It is interesting to note that the WA-treated MDA-MB-231 and MCF-7 cells exhibit an increase in cyclinB1 protein levels (Fig. 3) . In cycling cells, the level of cyclinB1 protein increases abruptly as the cells acquire 4N DNA content (G2 phase), peaks during the metaphase/anaphase transition, and declines precipitously upon completion of mitosis (33, 34) . Degradation of cyclinB1 protein by APC/C is believed to be necessary for exit from mitosis (33, 34) . Because WA treatment resulted in accumulation of cyclinB1 protein (Fig. 3) , we reasoned that the WAtreated breast cancer cells might be arrested in mitosis. We explored this possibility by immunofluorescence microscopy following staining of the control (DMSO-treated) and the WA-treated cells with anti-α-tubulin antibody and DAPI. The DMSO-treated control MDA-MB-231 ( Fig. 5A (right panel) . The mitotic arrest was evident as early as 12 h post-treatment with 2 μM WA (Fig. 5A, right panel) .
WA treatment caused Ser10 phosphorylation of histone H3
The mitotic arrest caused by WA was confirmed by analysis of Ser10 phosphorylated histone H3, which is a highly sensitive marker for mitotic cells (35) . As can be seen in Fig. 5B , the WA treatment (2 μM) caused an increase in the levels of Ser10 phosphorylated histone H3 in both cell lines. The WA-mediated Ser10 phosphorylation of histone H3 was more pronounced in MCF-7 cells than in the MDA-MB-231 cell line (Fig. 5B) and decreased markedly by 24 (MCF-7) to 30 h (MDA-MB-231). Next, we proceeded to test whether the WA-mediated mitotic arrest was reversible. The fraction of mitotic cells was only slightly decreased even after a 24 h culture of WA-treated MDA-MB-231 cells (2 μM for 24 h) in drug-free medium as judged by flow cytometric analysis of Ser10 phosphorylated histone H3 (Fig. 5C) . Collectively, these results indicated that the WA-treated MDA-MB-231 and MCF-7 cells were arrested in mitosis.
Initiation of anaphase as well as mitotic exit depends on active APC/C, which is a multi-subunit ubiquitin protein ligase complex (36, 37) . To determine if the WA-mediated mitotic arrest was due to inactivation of APC/C, we performed immunoblotting for a known APC/C substrate securin. As can be seen in Fig. 5D , the WA-treated MDA-MB-231 and MCF-7 cells exhibited an increase in protein level of securin, which was maintained for at least up to 12 h postexposure (Fig. 5D) . Interestingly, securin protein accumulation was accompanied by appearance of slower migrating bands suggesting post-translational modification (possibly phosphorylation) of this protein by WA treatment. Nonetheless, it is reasonable to conclude that WA treatment causes inactivation of APC/C as evidenced by accumulation of its substrate securin.
Discussion
We used MDA-MB-231 (estrogen-independent) and MCF-7 (estrogen-responsive) cell lines to determine the effect of WA treatment on cell cycle distribution. We found that WA treatment causes G2-M phase cell cycle arrest in both cell lines. The cell cycle checkpoints are normally activated when a cell experiences damage. Activation of checkpoints helps maintain genomic stability by allowing the cell time to repair the damage prior to resumption of the cell cycle progression. The WA-mediated G2-M phase cell cycle arrest in both cell lines is maintained for at least up to 24 h even after removal of the drug. These results suggest that the cells are probably unable to fully repair the damage caused by WA treatment leading to sustained cell cycle arrest. Further studies are needed to determine whether the low μM concentrations of WA required for cancer cell growth inhibition and cell cycle arrest are achievable in vivo because pharmacokinetic parameters for this agent have not yet been measured.
Eukaryotic cell cycle progression involves sequential activation of Cdks whose activation is dependent upon their association with corresponding cyclins (31) . A complex between Cdk1 (also known as p34 cdc2 ) and cyclinB1 plays an important role in regulation of G 2 -M transition (31) . Activity of Cdk1/cyclinB1 kinase complex is negatively regulated by reversible phosphorylations at Thr14 and Tyr15 of Cdk1 (31) . Dephosphorylation of Thr14 and Tyr15 of Cdk1 and hence activation of the Cdk1/cyclinB1 kinase is catalyzed by Cdc25 family of dual-specificity phosphatases (32) .We found that the WA-mediated G2-M phase cell cycle arrest in MDA-MB-231 and MCF-7 cells correlates with a decrease in the protein levels of Cdk1 and Cdc25C, which is likely to inhibit activity of the Cdk1/cyclinB1 kinase complex. Consistent with this prediction, the WA treatment causes an increase in the levels of Tyr15 phosphorylated (inactive) Cdk1 in both cell lines.
The present study reveals that p53 tumor suppressor, which is implicated in the regulation of G2-M transition (38) , is not necessary for the WA-induced cell cycle arrest because the G2-M fraction enrichment is observed in both MDA-MB-231 (mutant p53) and MCF-7 cells (normal p53). However, it is reasonable to postulate that the p53 status may be a contributing factor in differential sensitivity of MDA-MB-231 and MCF-7 cells to WA-induced G2-M phase cell cycle arrest. This conclusion is based on the following observations: (a) the WA-mediated G2-M phase cell cycle arrest in the MCF-7 cell line is evident at a relatively lower concentration than in the MDA-MB-231; (b) both cdk1 and cyclinB1 genes are transcriptionally repressed by p53 (reviewed in Ref. 38); (c) the WA-mediated down-regulation of Cdk1 protein level is relatively more severe in the MCF-7 cell line than in the MDA-MB-231; and (d) WA causes a near complete loss in cyclinB1 protein level by 24 h of treatment in MCF-7 cells but not in the MDA-MB-231 cell line. At the same time, the possibility that difference in sensitivity of MDA-MB-231 and MCF-7 cells to G2-M phase cell cycle arrest by WA is related to its differential effect on Cdc25B cannot be ignored. In MDA-MB-231 cells, the WA treatment causes a sustained increase in protein level of Cdc25B. On the other hand, WA treatment results in down-regulation of Cdc25B protein level in MCF-7 cells (up to 60% decrease compared with control). Further studies are needed to systematically explore whether differential sensitivity of MDA-MB-231 and MCF-7 cells to WA-mediated G2-M phase cell cycle arrest is linked to p53 and/or Cdc25B.
The present study suggests involvement of Cdc25C protein in the WA-induced G2-M phase cell cycle arrest. The cell cycle arrest caused by WA treatment in both MDA-MB-231 and MCF-7 cell lines correlates with a marked decrease in the protein level of Cdc25C. The WAmediated down-regulation of Cdc25C protein precedes onset of G2-M arrest in both cell lines. Moreover, the WA-mediated G2-M phase cell cycle arrest in MDA-MB-231 cells is partially but statistically significantly attenuated by ectopic expression of Cdc25C. Previous studies have shown that hydrogen peroxide treatment causes ubiquitin-proteasome-mediated degradation of Cdc25C protein due to redox-modification of its critical cysteine residues (29) . Even though WA treatment causes ROS generation in breast cancer cells, the cell cycle arrest is probably independent of ROS generation because attenuation of ROS generation has minimal effect on G2-M phase cell cycle arrest in our model. Collectively, these results suggest that (a) the WA-mediated decrease in Cdc25C protein level is probably not due to redoxmodification of its cysteine residues, and (b) the WA-mediated G2-M phase cell cycle arrest is only partially caused by the decline of Cdc25C protein level.
We also found that the WA-treated MDA-MB-231 and MCF-7 cells are arrested in mitosis. Similar to G2 arrest, the mitotic block caused by WA treatment is maintained for at least up to 24 h even after removal of the drug. The WA-induced mitotic arrest in both cell lines correlates with accumulation of securin, which is a substrate of APC/C. The APC/C ubiquitin-ligase complex plays an important role in the initiation of anaphase as well as mitotic exit by sequentially degrading key cell cycle regulators including securin (36, 37) . Securin regulates mitotic progression by functioning as inhibitor of sister-chromatid separation (39, 40) . Our data suggest that the WA-mediated mitotic arrest in human breast cancer cells is probably caused by inhibition of APC/C. In conclusion, the present study reveals engagement of complex signal transduction leading to sustained G2 and mitotic arrest by WA in breast cancer cells. Immunoblotting for cyclinB1, Cdk1, Cdc25B, Cdc25C, and Tyr15 phosphorylated Cdk1 using lysates from MDA-MB-231 and MCF-7 cells treated with 2 μM withaferin A (WA) for the indicated time periods. Membranes were stripped and re-probed with anti-actin antibody to ensure equal protein loading. Numbers on top of the bands represent changes in protein levels as determined by densitometric analysis of the immunoreactive bands and corrected for actin loading control. Immunoblotting for each protein was performed at least twice using independently prepared lysates. In panels B and D, membranes were stripped and re-probed with anti-actin antibody to ensure equal protein loading. Immunoblotting for each protein was performed at least twice using independently prepared lysates.
